M acromolecular biological interactions are critically important to the complex signaling and molecular recognition processes that occur in virology, cell signaling, DNA hybridization, immunology, DNA-protein interactions, and drug discovery, among others (1) (2) (3) (4) (5) . Such systems can be probed by immobilizing one component of a binding pair on a surface and following the mass coverage change upon exposure to the complementary recognition element (6) (7) (8) (9) . Surface plasmon resonance (SPR) instruments that measure changes in refractive index near a metal surface accomplish this aim with high sensitivities, without the need for fluorescent labels (10, 11) . Conventional SPR systems use prisms to couple light into a single surface plasmon mode on a flat, continuous metal (typically gold) film (12) . This cumbersome experimental setup is difficult to integrate into low-cost, portable, image-based devices for rapid bioanalytical measurements of mass-limited samples (13) . More recent work shows that metal nanostructured films and nanoparticles can be used for SPR type sensing without requiring coupling prisms using simple reflection or transmission configurations (14) (15) (16) (17) (18) (19) . However, these systems have some important limitations. First, even though some nanostructured films provide multiple plasmonic resonances, their current implementations involve metrics for binding sensitivities that are worse than those of conventional, single-resonance SPR devices (19) (20) (21) . Second, fabrication of large area, spatially coherent arrays of highly uniform nanostructures (e.g., holes in films) that are best suited for sensing and imaging is cost prohibitive with conventional techniques (i.e., electron or ion beam lithography). Third, the basic nature of light interactions with these structures is complex, and many aspects remain uncertain (22) (23) (24) , which has frustrated their optimized use for sensing. This work introduces a class of quasi-3D plasmonic crystals and an analysis approach that overcome these limitations. Quantitative computational electrodynamics modeling provides an understanding of the optics that can be exploited in a highly sensitive, full multispectral plasmonic approach to chemical sensing and 1D imaging. These capabilities are enabled in part by the exceedingly high quality and unusual geometries of crystals formed, at low cost, with a type of soft nanoimprint lithography (25) . Coupling these devices with microfluidic networks for quantitative spectroscopy and imaging of molecular binding events at the submonolayer level, with micrometer spatial resolution, demonstrates several of their attractive features.
Results and Discussion
The crystals consist of large area square arrays of cylindrical wells (typically 2.6 ϫ 10 6 wells per sample) with diameters of Ϸ480 nm, depths of Ϸ350 nm, and center to center spacings of Ϸ780 nm, fabricated by soft nanoimprint lithography (25, 26) in films of a photocurable polyurethane. Uniformly depositing Ϸ50-nm-thick gold films onto these samples coat the raised and recessed regions to create quasi-3D plasmonic crystals consisting of arrays of nanoscale holes in gold films with a second, physically separate level of isolated gold disks at the bottoms of the embossed wells (Fig. 1A) . In normal incidence transmission mode, these devices exhibit strong spatial and wavelengthdependent intensity modulations involving absorptive, diffractive, and plasmonic effects (Fig. 1B) .
Certain features in the transmission spectra of our crystals can be associated, at least partly, with local SPRs (LSPRs) on the rims of the nanoholes in the upper gold film, as well as in the lower metal disks. Important work by Dahlin et al. (27) has shown, in fact, how the LSPRs in random arrays of holes in gold films can be used for sensing. However, the spatially coherent, periodic nature of the holes and disks in our crystals create a much more varied and complex response that also includes Bloch wave surface plasmon polaritons (BW-SPPs) and Wood's anomalies. These types of responses do not appear in random 2D nanohole arrays (27, 28) , nanoparticles (29, 30) , or structures that do not exhibit high degrees of spatially coherent periodicity. BW-SPPs are standing waves corresponding to the coherent superposition of propagating SPPs. An approximate relation for the allowed wavelengths of a BW-SPP in our case is (22) 
Author contributions: S.K.G., R.G.N., and J.A.R. contributed equally to this work; M.E. where P is the nanohole lattice spacing, Au () is the wavelengthdependent relative dielectric constant for gold, and d is the relative dielectric constant of the material that interfaces with the gold. There are BW-SPPs associated with both the air͞metal interfaces ( d ϭ 1 for air) and the metal͞polymer interfaces ( d ϭ 2.4336 for polyurethane). The solutions of Eq. 1, for all possible integer values of n x and n y , excluding n x ϭ n y ϭ 0, yield the discrete zero-order wavelengths of the BW-SPPs. As shown in ref. 22 , a Fano-like resonance profile consisting of a minimum, close to the position predicted by Eq. 1, and an adjacent maximum, can be associated with a given BW-SPP, which arises from interference between BW-SPPs and directly transmitted light. The other feature in our systems, the Wood's anomalies, involve diffracted light propagating parallel to the surface, similar to the BW-SPPs, but with a more spatially extended nature and without the direct involvement of plasmonic type responses. The Wood's anomalies satisfy an equation similar to Eq. 1, but with the argument of the second square root term being just d . The LSPRs, BW-SPPs, and Wood's anomalies can all overlap and couple with one another, leading to complex transmission spectra that are sensitive to the structural details and properties of the surrounding environment. The relative importance of the features and their couplings can be determined by rigorous electrodynamics calculations. These features provide additional information to enhance the sensing capabilities, especially in lithographically defined crystals, such as those described here, in which the geometry can be selected to optimize the nature and wavelength dependence of these features (Fig. 6 , which is published as supporting information on the PNAS web site). Full 3D finite-difference time-domain calculations with appropriate periodic boundary conditions (22, 31) were used to accurately model the transmission spectra and the electromagnetic field distributions in and around the metal nanostructures of the device (details of the calculations are given in Supporting Text, which is published as supporting information on the PNAS web site). Experimental and theoretical transmission spectra of a crystal with nanohole diameters of Ϸ420 nm, depths of Ϸ350 nm, and center to center spacings of Ϸ720 nm are shown in Fig.  2A . The two largest features in the spectra are labeled B and C. Peak B can be associated with LSPR behavior in the rims of the nanowells near the air͞gold interface, as is shown in the calculated near-field intensity pattern (Fig. 2B) . Indeed, we performed calculations for an isolated hole͞disk structure and found just two transmittance peaks, one corresponding to direct transmission through the thin film near 500 nm and another peak very close to the position of peak B corresponding to an isolated nanowell LSPR. In contrast, peak C involves overlapping Wood's anomaly and BW-SPP excitations on the gold disk͞polymer side of the device that can be assigned, approximately, to n x ϭ Ϯ1, n y ϭ 0 from Eq. 1 and the corresponding Wood's anomaly form. Thus, the near-field intensity associated with peak C is expected to be intense near the gold disk͞polymer interface (Fig. 2C) . Interestingly, the intensity also extends vertically up to the hole opening, indicative of strong coupling between disk and hole ( Fig. 2C) , a feature absent in random and ordered 2D nanohole arrays. Quantitative modeling of the experimental spectra required explicit consideration of the fine structural details in this region of strong coupling. In particular, it was necessary to introduce small (20-30 nm), isolated grains of gold along the sidewalls of the nanowells, just above the edges of the gold disks, to obtain good agreement between the experimental and theoretical spectra (Fig. 2 A) . The size of the grains and the extent to which they were deposited on the sidewalls of the relief structures was determined by high-resolution SEM (Fig. 7 , which is published as supporting information on the PNAS web site). The pronounced sensitivity of the spectra to such subtle features highlights the demanding requirements placed on the fabrication procedures to realize structures with reproducible, sharp resonant features that can be modeled accurately. The soft nanoimprint technology used here, which can achieve replication fidelity down to the molecular regime (26, 32) , is critical to the successful formation of the crystals. The plasmonic devices were found to be of high quality with few pixel defects (Ͻ10) over large areas (Ϸ20 mm 2 ), as determined by SEM (Hitachi S4700, 10 kV) imaging. The transmission properties are also sensitive to the nature of the dielectric medium at the crystal surface (Fig. 8 A, which is published as supporting information on the PNAS web site). The refractive index sensitivity of plasmonic sensors is often determined by measuring changes in the position or intensity of a single resonance peak with the bulk refractive index of a surrounding f luid (19, 33) . The bulk refractive index sensitivity of our quasi-3D plasmonic crystals was determined by passing solutions of increasing concentration of polyethylene glycol (PEG) (0 -7.6 wt%) through a f luid f low cell containing a plasmonic crystal. Changes in peak positions and intensities were observed over most of the spectral range as the refractive index of the solution was increased. The most sensitive peak at Ϸ1023 nm was found to redshift and increase in intensity with progressively more concentrated aqueous solutions of PEG (Fig. 8B) . Several crystals were measured, and this peak shifted linearly with a sensitivity of Ϸ700 -800 nm͞RIU (RIU defined as refractive index unit; Fig. 8B Inset) , and the intensity changed linearly with a sensitivity of Ϸ2.5-3.5 Abs͞RIU (Fig.  9 , which is published as supporting information on the PNAS web site). These sensitivities exceed the responses reported for ordered 2D nanohole arrays (Ϸ400 nm͞RIU) (20) , random 2D nanoholes in gold (71-270 nm͞RIU, 0.23-1 Abs͞RIU) (19, 27, 34) , nanoparticles and 2D nanoparticle arrays (76 -200 nm͞ RIU, 0.46 Abs͞RIU) (13, 29, 33) , and silver films over nanowells (424 -538 nm͞RIU) (21) . Surface binding events are typically monitored by following the response of such an individual peak or wavelength. However, this common method of analysis does not fully capture the sensitivity of our systems because it ignores information associated with the peak shifts and intensity changes occurring in the multiple plasmonic resonances in our spectra, created by the coherent couplings of the LSPRs, BW-SPPs, and Wood's anomaly responses exhibited by our systems. We propose a type of full, multispectral analysis that exploits this information to enhance the sensing capabilities and improve the signal-to-noise of our systems.
Multispectral analysis of a PEG calibration is shown in Fig. 3A , where a series of difference spectra, as referenced to the spectrum at time t ϭ 0, illustrate changes in transmission (due to both peak position and intensity changes) throughout the wave- length range as solutions of increasing PEG concentration were injected into the flow cell of a crystal. Fig. 3B shows that the transmission can increase or decrease, depending on the measurement wavelength. For the geometry of the crystal used in this study, the most sensitive multiwavelength responses occur in the near-infrared region (1,000-1,250 nm) as shown in Fig. 3C . The lowest order BW-SPP and Wood's anomaly features predicted by Eq. 1 occur in the 1,000-to 1,200-nm range, and account for the greater sensitivity of the 1,022-, 1,167-, and 1,066-nm features over the 809-nm feature in Fig. 8A . The total response over all wavelengths, including positive and negative changes in transmission, is calculated by R ϭ ͵ ͉⌬͑%T͉͑͒͒d.
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This integrated response, R, has units of ⌬%T⅐nm (Fig. 3D ) and depends linearly on changes in the refractive index of the PEG solution (Fig. 3D Inset) , similar to the single-wavelength measurement, but with significantly improved sensitivity (Ϸ22,000 ⌬%T⅐nm͞RIU versus Ϸ130 ⌬%T⅐nm͞RIU at 1,066 nm, the most sensitive single wavelength of this crystal). In addition, after analyzing several crystals, it was found that the signal-to-noise ratio of the integrated multispectral response, such as shown in Fig. 3D , was improved by a factor of 3-10 times the signal-to-noise ratio observed at the most sensitive single wavelength (typically found between 1,023 and 1,066 nm). The linear response of the integrated metric suggests an explicit foundation on which to develop high-sensitivity, fully quantitative applications of the quasi-3D plasmonic crystals in sensing and 1D imaging, examples of which are described below. We used the well studied biotin-avidin ligand-receptor conjugate as a model system to illustrate the functionality of these devices in a quantitative analytical bioassay (Fig. 4) (35) . Exposing the surface of the sensor to a solution of biotinylated BSA (bBSA) led to an increase and subsequent plateau in the integrated response of the sensor (Fig. 4B) upon the formation of a bBSA monolayer. This layer rendered the surface inert to further nonspecific adsorption, as demonstrated by the lack of sensor response after rinsing this monolayer with buffer and then exposing it to a solution of nonfunctionalized BSA. However, subsequent exposure to avidin yielded a large response due to a specific binding interaction between the avidin and surface-bound bBSA. The remaining free biotin binding sites on the surface-immobilized avidin were then used to complete the assay by binding a final terminating layer of bBSA (Fig. 4B Inset) . This final binding step resulted in a response that was smaller than observed for the initial bBSA adsorption, an observation that follows the patterns of layer-dependent mass coverage generated in assays of this sort (2, 36) .
We applied a simple formalism (37) that relates the effective protein thickness, d, to the system response, R, which in our case is taken as the total integrated response
where l d is the decay length, m is the bulk refractive index sensitivity, which in our case is the integrated refractive index sensitivity from the PEG calibration (Ϸ22,000 ⌬%T⅐nm͞ RIU), and n a and n s are the adsorbate and buffer solution refractive indices, respectively. This model assumes a uniform characteristic l d of the plasmon evanescent field into the medium containing the protein. Of course, our systems exhibit a much more heterogeneous evanescent field environment compared with the simple propagating SPPs associated with this formalism. To explore the significance of this approximation, we carried out electrodynamics calculations similar to those discussed in relation to Fig. 2 but with buffer as the top side dielectric material. As expected, we found BW-SPPs and Wood's anomalies associated with the buffer͞gold and gold͞ polymer interfaces, coupled to varying degrees with LSPRs of the upper nanoholes and lower disks. The BW-SPPs on the buffer͞gold sides have decay lengths comparable to the SPR system of ref. 37 , l d Ϸ 100 -900 nm over our spectral range, because they are composed of counterpropagating SPPs. The LSPRs, individually, are shorter range. However, the coupled hole and disk LSPRs and͞or LSPRs and BW-SPPs, as in Fig.  2C , can effectively span the entire nanowell depth of Ϸ350 nm and are very important to the response of the crystal. As a semiempirical approximation, we chose l d ϭ 400 nm, which ref lects the average of all these considerations and yields quantitative protein thicknesses (Fig. 4B ) that agree with literature values (36, 38 -40) .
No changes in transmission were observed when buffer was passed over the sensor during the timescale of an adsorption experiment, indicating that the observed responses was due to surface binding events and not to swelling of the underlying polyurethane (Fig. 10 , which is published as supporting information on the PNAS web site). The noise inherent in the baseline of the integrated signal determines the resolution of our system (1 ϫ 10 Ϫ5 RIU or 0.02 nm; Fig. 4B Lower Inset) . The resolution depends on both extrinsic (spectrometer, source, optics, signal averaging, collection time, and temperature control) and intrinsic (plasmonic crystal) factors. Our experiments were performed without temperature control or signal averaging. Temperature f luctuations of 0.1 K alone cause refractive index changes on the order of Ϸ10 Ϫ5 in water (41) , which corresponds to the reported resolution of our system. In addition, signal averaging improved the signal-to-noise ratio, indicating that further improvement in resolution is possible ( Fig. 11 , which is published as supporting information on the PNAS web site).
The capacities for quantitative biosensing, together with the high levels of spatial uniformity in the crystals, provide foundations for analytical imaging of large area multiplexed bioassays. As a simple demonstration, a plasmonic crystal patterned using a microfluidic device with five lines of nonspecifically adsorbed fibrinogen (Fig. 5A ) was imaged in air using a white light source, monochromater, imaging optics, and a CCD array detector. Fig. 5B shows changes in transmission measured relative to an interchannel region on the crystal that did not come in contact with protein, such that the sample itself forms its own reference. The spectral image shows five stripes with the expected geometries, each corresponding to a region of the crystal patterned with fibrinogen. Converting the integrated response (Fig. 5C ) to protein coverage using the PEG calibration data (Fig. 3) yields a spatial profile of the protein lines with a corresponding effective thickness of Ϸ7 nm, which is consistent with the molecular dimensions of fibrinogen (42, 43) . Analysis of the step edges (Fig. 5C Inset) shows a characteristic width (20 m) that is only slightly larger than the resolution limit of the imaging optics (Ϸ17 m). The Ϸ3 m of additional width in the plasmonic image can be associated with the propagation lengths of plasmons on these nanostructured crystals (44) and provides a lateral resolution comparable to current flat film SPR imaging systems (45) (46) (47) . This micrometer-scale resolution, combined with the large area defect-free (and thus uniform response) aspects of the crystals, suggest a promising platform for performing parallel diagnostic bioassays (see also Figs. 12-14, which are published as supporting information on the PNAS web site).
Conclusions
This work demonstrates a form of highly sensitive quantitative chemical sensing that uses multispectral and spatially resolved techniques with quasi-3D plasmonic crystals. Theoretical modeling quantitatively accounts for the observed unique optical properties of these architectures and illustrates the complex electromagnetic field distributions around the multilevel nanostructured features in these systems. These devices can be fabricated at low cost and provide a platform for performing quantitative biochemical sensing and imaging with extremely high sensitivities in ways that facilitate miniaturization and integration into portable microfluidic lab-ona-chip instrumentation.
Materials and Methods

For additional details, see Supporting Text.
Fabrication of Quasi-3D Plasmonic Crystals. Polydimethylsiloxane (PDMS; Dow Corning, Midland, MI, Sylgard 184) and a photocurable polymer (PU; Norland Products, Cranbury, NJ, NOA 73) were used to fabricate nanostructured substrates via soft nanoimprint lithography as described (25) . Brief ly, casting and curing PDMS against a photolithographically defined pattern of photoresist on a silicon wafer formed PDMS molds with relief features in the geometry of square arrays of cylindrical posts. The PDMS molds were used to emboss NOA drop cast on a glass slide, which was then cured by UV light through the PDMS for 3 min. Removal of the mold yielded a layer of NOA with a relief structure identical to the pattern on the silicon master. A 50-nm-thick layer of gold was deposited on the NOA samples by electron beam evaporation (BOC Coating Technology, Fairfield, CA, Temescal, FC-1800).
Transmission-Mode SPR Spectrophotometry. Spectra of the plasmonic crystals were acquired on a Varian 5G UV-Vis-NIR spectrophotometer, operating in normal incidence transmission mode. A f low cell was constructed around the plasmonic crystals using a PDMS gasket sandwiched between a microscope slide and the sensor. Solutions were injected into the f low cell using a syringe pump (Harvard Apparatus) at a rate of 0.1 ml͞min. Transmission spectra were continuously acquired as solutions were passed over the plasmonic crystal with a temporal resolution of Ϸ90 s.
One-Dimensional Spectral Imaging. A plasmonic crystal was patterned with five lines of nonspecifically adsorbed fibrinogen using a series of PDMS microf luidic channels (250 m wide, 500 m pitch) and the channel outgas technique (48) . After patterning, the PDMS device was removed and the crystal was rinsed with PBS and imaged using a home-built imaging system. A 1 ϫ 5 mm area of the crystal was illuminated with a white light source (Ocean Optics, Dunedin, FL, HL-2000) and imaged onto the slit of a monochromator (Acton Research, Acton, MA, SpectraPro 300i). The dispersed light exiting the monochromator was projected onto a liquid nitrogen cooled 1024 ϫ 1024 CCD (Princeton Instruments, Princeton, NJ) to generate a spectral image consisting of spatial information on one axis and spectral information on the other. 
